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Abstract

This work provides a general hydrodynamic circulation model that can be used to under-
stand density driven flows, which may arise in the case of suspension of fine-grained materi-
als. The research is expected to provide a better understanding of the characteristics of
spatial and temporal variability of current, which is associated with the period of ebb and
flood tidal cycles.
The model development includes extending the existing three-dimensional (3D) ADCIRC

model with (1) baroclinic forcing term and (2) transport module of suspended and soluble
materials. The transport module covers the erosion, material suspension and deposition pro-
cesses for cohesive type sediment. In the case of an idealized tidal inlet in stratified water,
the inclusion of baroclinic term can demonstrate the prevailing longshore sediment trans-
port. It is shown that the model has application to the transport of the cohesive sediments
from the mouth of the Mississippi River along the north shore of the Gulf of Mexico
towards and along the Texas coast.
# 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Shoaling processes in a bay is presumed to correlate with the flow pattern in the
estuary driven by tide generating current and wind stress. Sediment conveyed by
river runoff to the estuary might also be one of the sedimentation sources.
The equation of motion shows that water moves in response to differences in

pressure, which are generated by two factors: water surface slope (barotropic) and
horizontal water density differences (baroclinic). The determination of barotropic
and baroclinic flow is important since it may cause a convergence zone, where the
converging pressure gradients drive internal circulation patterns into a common
point. The baroclinic term may also cause dissimilarities between ebb and flood
tidal currents. The presence of baroclinic-forced currents may strengthen the exist-
ence of the reverse estuarine flow.
The scope of this study is to implement and expand the hydrodynamic numerical

modeling system to accommodate these density driven flows for an estuarine zone.
The model used here is the three-dimensional (3D) version of Advanced Circu-
lation (ADCIRC) Hydrodynamic Model (Luettich and Westerink, 2003) with
extended transport module. ADCIRC is a finite element model used for hydro-
dynamic circulation problems. The model is based on the finite element codes that
solve the shallow water equation on unstructured grids. Fine grid resolution can be
specified locally to meet the accuracy requirements, and coarse resolution can be
implemented in area distant from the region of interest. In the 3D-ADCIRC
model, the baroclinic term might be appropriate to explain the variability of verti-
cal current shear, which may alter sediment concentration vertically.
In the case of density stratification as a result of either little tidal action or with

large freshwater (river) flow, the flow profile can be separated into two portions in
the seaward regions of the tidal intrusion: (a) the upper part is the freshwater flow
with little mixing to the seaward, and (b) the lower part is the saline water originat-
ing from the ocean water, that is called the ‘salinity wedge’ (Ippen, 1966; Parthe-
niades, 1990). With the inclusion of the baroclinic term in the model development
for the idealized estuarine model, the existence of a salinity wedge is distinctive
penetrating to the river upstream. The objective of this research is to identify the
circulation patterns of the water and sediment fluxes in an estuarine zone. Sus-
pended materials in the water column are highly related to the hydrodynamic cir-
culation. The interface of the salinity wedge or a convergence zone may be related
to the presence of accumulation of deposited sediments.
2. Model description

2.1. Hydrodynamic

In this 3D circulation model, the vertical finite element domain will be divided
into a number of sigma (r) layers ranging from �1 at the bottom to 1 at the sur-
face. In some cases, high gradients may occur at the bottom and surface, thus nor-
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mally the vertical grids have higher density around the bottom and surface and

lower density in the mid layers.
Water surface elevation is solved in a vertically integrated continuity equation

utilizing the generalized wave continuity equation (GWCE) formulation. The

modified GWCE is derived as a summation of the time derivative of the continuity

equation and the spatial gradient of the momentum equations. The GWCE is used

to solve the sea level elevations. The complete formulation of GWCE is given in

Luettich et al. (1992). The primitive form of the conservation of mass is:
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where U and V are depth-averaged velocities, H ¼ h þ g, h is a bathymetric depth

and g is a free surface elevation relative to the geoid.
The 3D version of ADCIRC applies the non-conservative form of the momen-

tum equations to solve horizontal velocity u and v. The free surface elevation as

described in Eq. 1 is solved by substituting the vertically integrated momentum

equations into the continuity equation to form the GWCE. The momentum equa-

tions applied in ADCIRC-3D (Luettich and Westerink, 2003) are:
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where u and v are velocities in the x- and y-direction; x, vertical velocity in r-coor-
dinate; f, Coriolis force; g, gravity acceleration; mxr , combined horizontal dif-

fusion/dispersion momentum; bxr and byr , baroclinic pressure term in x- and

y-directions; szx and szy, component of vertical shear stress; and q0, reference den-
sity of water.
Velocities are determined from the non-conservative form of the momentum

equation. The solution strategy for solving horizontal velocities u and v in Eqs. (2)

and (3) includes finite element method for spatial and finite difference for temporal.

The vertical grid nodes are defined vertically at each horizontal node, thus the

horizontal and vertical integrations can be performed independently. The detail of

the 3D-VS formulations is given in Luettich and Westerink (2003).
Vertical velocity is solved by the first derivative approach with the adjoint cor-

rection. Pandoe and Edge (2003) solved for x in r-coordinate, with essential

boundary condition x ¼ 0 at r ¼ b, and natural boundary condition dx ¼ 0 at
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r ¼ a:

xkþ1 � xk ¼ � 1
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where k is a node number of a vertical element. The solution xk will satisfy the

bottom boundary condition only. In order to satisfy the free surface, the adjoint
correction is applied to Eq. (4) based on Luettich and Muccino (2001) and

Muccino et al. (1997).

2.2. Salinity/temperature/tracer transport model

The general governing equation for transport of salinity, temperature and tracer

concentration (Blumberg and Mellor, 1987; Scheffner, 1999; Helfand et al., 1999;

and HydroQual, 1998) is summarized as follows:
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where R is either salinity [psu], heat [calories] or a tracer concentration [g/l or kg/m3];

Dh and Dv are horizontal and vertical dispersion coefficients [m2/s]; x is vertical
velocities in r-coordinate [m/s]; and xs is settling velocity of sediment in r-coordinate
[m/s].
The surface and bottom boundary conditions of Eq. (5) for vertical salinity

gradient are zero, while the surface boundary condition for temperature is given as
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The temperature transport formulation differs slightly from that for salinity. In the

temperature formulation, the external effect of solar radiation, called surface net

heat flux (Qshf) is included. It has been shown that the mean value of net heat flux

at the surface is 165 W/m2 with standard deviation of 10 W/m2 (Hayes et al.,

1991). Cp is the specific heat of sea water [J/kg/
v
C] given as Cp � 3:94	

103 J=kg=
v
C.

In the development of the ADCIRC transport, the horizontal diffusion coef-

ficient, Dh, is assumed constant within the range of 0.1–10 m2/s (Gross et al.,

1999). The level 2.5 Turbulence Closure Model of Mellor and Yamada (1982) is

used to calculate the vertical eddy diffusivity Dv.

2.3. Baroclinic forcing terms

Robertson et al. (2001) applied normalized density in order to reduce the trunc-

ation error in the computation of the baroclinic pressure gradient in the Princeton

Ocean Model (POM). Thus, the normalized baroclinic forcing terms in Eqs. (2)
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and (3) on ADCIRC-3D can be represented as
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where g is a free surface elevation, and q0 is a general mean density, which was set
to 1000 (or 1025) kg/m3. The baroclinic terms bxr and byr are a function of density
distribution. The variable density is determined from temperature T, salinity S and
pressure p using the International Equation of State of Sea Water, IES80.
The barotropic term is constant with depth, in contrast to the baroclinic term,

which varies with depth (Fig. 1). The interaction of these two terms can create tidal
asymmetry between the ebb and the flood of tidal cycle. During the flood current,
the baroclinic and barotropic term could be additive producing high acceleration
near the bed, and vice versa during ebb current. In the regions where the density
gradient of the sea is most pronounced such as in estuarine and coastal regions, the
condition of baroclinicity is the most extreme. Generally, the baroclinic situation
can be found in the surface layer with the barotropic conditions being approached
at greater depth.

2.4. Suspended sediment transport model

The general governing equation for sediment concentration (HydroQual, 1998) is
similar to Eq. (5), but with boundary conditions:
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Fig. 1. The influence of barotropic and baroclinic terms on the vertical velocity shear.
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where C is a sediment concentration [g/l or kg/m3]; E is an erosion flux [kg/m2/s];
and D is a deposition flux [kg/m2/s].
For cohesive type of sediment, Whitehouse et al. (2000) assumed that the flocs of

cohesive sediment could be treated as low-density grains, when aggregation of
flocs, break-up of flocs and water flow within flocs are neglected. The correspond-
ing formula of settling velocity ws is given as

ws ¼
t
de

10:362 þ 1:049ð1 � CfÞ4:7D3
�

� �1=2�10:36
n o

ð9Þ

where D� ¼ de½gðqe � qÞ=qt2�1=3 is a dimensionless floc diameter; de is the effective
diameter of a floc that increases with the volume concentration C of the suspen-
sion; q is water density; qe is effective density of the floc; Cf is the volume concen-
tration of flocs in water [non-dimension]; and Ck is the mass concentration of the
suspension [mass/volume].
The depositional flux rate is computed using the following settling formulation

for cohesive sediment:

D ¼ PwsCb

where

P ¼ probability of deposition ¼ �ð1 � sb=scdÞ for sb < scd
0 for sb � scd



ð10Þ

with ws, sediment settling velocity (m/s); and scd is a critical bed shear stress and is
estimated from laboratory tests to be between 0.06 and 0.10 N/m2.
The analysis to estimate the erosion flux rate (E) expressed as dry mass of mud

eroded per unit area per unit time (kg m�2 s�1) as a function of shear stress is
given by Partheniades (1990) and Whitehouse et al. (2000):

E ¼ meðsb � sceÞ; sb > sce
E ¼ 0; sb 
 sce

ð11Þ

where me is an experimental/site specific erosion constant with me ¼ 0:0002 �
0:002 kN�1 s�1 and sce is the critical bed shear stress for erosion given in
Whitehouse et al. (2000) as

sce ¼ 0:015ðqb � 1000Þ0:73 ð12Þ
Typical sce is around 0.1–0.2 N/m2 but it should not exceed 1.0 N/m2, where qb is
the bulk density of the bed over the density range 1000–2000 kg/m3.
3. Model validation

The results of hydrodynamic velocity components u, v and w are compared to
some analytical solutions to provide validation since experimental and field data
are not available. Three-dimensional analytical solution of Lynch and Officer
(1985) is applied here, which is also available in Muccino et al. (1997). Pandoe and
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Edge (2003) have shown a good agreement for the hydrodynamic solution between
the model and analytical solutions for the Quarter Annular Test Problem (QATP).
The benchmarking of the stratification due to the presence of the baroclinic terms

will be performed using the theoretical ‘saline wedge’ formulation provided by
Partheniades (1990). The comparison against theoretical length of saline wedge will
be discussed by implementing the idealized riverine–ocean domain shown in Fig. 2.
The ocean and river grid dimensions are 40 km alongshore, 24 km from the shore-
line to the ocean boundary, and river length and width of 10 and 1 km, respectively.
The river has uniform depth of 4 m, and the ocean has a sloped bottom from 4 m
depth at the shoreline down to 23 m depth along the open ocean boundary.
In this case, the model is driven by the 0.1 m amplitude of M2 tide in the

open ocean boundary (left side), and by the influx of normal riverine flow with a
nfiguration of idealized river–ocean domain. Lower figure is a close up part of the da
Fig. 2. Co shed-box

indicated in the upper figure.
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constant velocity 0.2 m/s. The selection of small tidal amplitude is intended to
avoid the oscillation of the saline wedge along the river. The initial condition of the
domain has uniform salinity So ¼ 35 psu and temperature T ¼ 19

v
C in the ocean

part, while the river flow produces ‘freshwater’ inflow with salinity Sr ¼ 3 psu and

temperature Tr ¼ 19
v
C. The salinity gradient between ocean and river generates

the pressure gradient due to salinity (i.e. density) difference.
In this case, the prevailing stratification and existence of density gradient will

generate a baroclinic flow that drives an upstream flow in the lower layers of the
river. This flow contributes to the development of a saline wedge. The balance
between outward river flow to the ocean and inward flow into the river due to the
baroclinic term provides a nearly steady point at the bottom of the penetrated sal-
ine wedge upstream. When the stability of hydrodynamic flow is achieved, the end
tip of saline wedge consequently should shift up- and down-stream periodically in
coherence with the period of the driving tidal current. Driven with only 0.1 m of
M2 tidal amplitude, it is found that the distance range of that periodic shifting is
within the range of less than 200 m.
Fig. 3 (a–c) shows vertical profiles of developed saline wedge due to freshwater

influx from the river out to the ocean at the end of first, fifth and 10th days,
3. Side-view profiles of salinity along the transect indicated in the top figure of Fig. 2, during
Fig. the

developed saline wedge at t ¼ 1st day (top), 5th day (middle) and 10th day (bottom).
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respectively. The profiles represent a transect along the middle of the river in the x-
axis direction indicated in Fig. 2. The upper layers exhibit strong outward flow
immediately outside the river mouth and weakened conditions offshore. The
maximum outward flow occurs at the river mouth with 0.67 m/s maximum velo-
city. Meanwhile the inward flow to the river develops the saline wedge with pen-
etrating distance up to about 3.1 km upstream. In the first day, the stratification
starts to occur, with less than 1 km of penetration upstream. After 5 and 10 days,
the saline wedges are well developed with not much change of the wedge length
between the fifth and 10th day.
Empirical computation of saline wedge travel was formulated by Partheniades

(1990). He gives various lengths of penetrating saline wedge based on the outward
river velocity and river depth (Fig. 4). The formula, which is also known as Schijf
and Schoenfeld’s equation, is written as

Lw ¼ 2ho
f

1

5Fro
� 2 þ 3Frð2=3Þo � 6

5
Frð4=3Þo

� �
ð13Þ

where Fro ¼ Vr=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dqgho=qf

q
is the densimetric Froude number; f is a friction coef-

ficient; ho is a river depth at river mouth; and qw is the density of freshwater.
The penetration of the saline wedge is estimated graphically from the model

results for comparison with the result of Eq. (13). The effective outward flow velo-
city is averaged from 10 days model observation to remove the effect of tidal oscil-
lation (Fig. 5a). As previously discussed, the specified normal flow is 0.2 m/s;
however, due to a slightly widening effect of the river width as it flows into the
river domain, the effective averaged velocity decreases to 0.178 m/s. This value is
then considered as the outward river velocity to compute the length of theoretical
saline wedge (see Table 1). This gives the length of saline wedge 3.11 km.
The corresponding length of saline wedge from the model is estimated from the

last simulation day. Fig. 5b shows the near bottom current velocity sampled every
Fig. 4. Saline wedge; Lw is the length of saline wedge computed from the river mouth.
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Fig. 5. (a) The assessment of finding the detided depth averaged river out flow from Vr; (b) Near bottom

velocity around the ‘null point’, where the mean location of zero crossing indicated by the dashed line is

3.13 km from the river mouth; and (c) is the top view of the location of estimated null point. Arrows

indicate the flow direction, and contour indicates salinity value.
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4 h, from ninth day 0:00 h to 10th day 0:00 h, along the center of the river starting
00 m from the river mouth to the upstream direction. Positive values indicate the
upstream flow, while negative values for downstream flow. Fig. 5c gives a top view
of the direction of the flow along the river. The zero crossings indicate the location
of the ‘null point’, or limit of penetration where the bottom velocity reverses direc-
tion, at each particular time. Averaging the location for 24 h provides the esti-
mated length of arrested saline wedge as 3.13 km. For a second case, the river
depth is modified to 5 m depth (Table 1, but figure is not shown). The model com-
putes for this case that the length of saline wedge is 5.84 km, while the empirical
model gives 5.93 km. Thus comparison between numerical and Partheniades
empirical models for the various lengths of saline wedge shows good agreement.
4. Conservation of mass for sediment

To test the capabilities of the model to simulate transport, a simple sloped bot-
tom rectangular domain with a shallow bar located in the middle of the basin was
developed as given in Fig. 6. The open ocean boundary is located in the left (west)
side of the domain; the normal flow boundary is located in the right (east) side,
while the other two sides are defined as mainland (solid) boundaries. The dimen-
sions are 12 km long and 4 km wide, with the 1 m depth of a sand bar located
between 8 and 9 km from the ocean boundary. The bay dimension behind the bar
(x ¼ 9 12 km) has uniform depth of 2.5 m, while from the bar to the open ocean
boundary slopes from 1 to 20 m over 8 km. The triangular grid size was specified
to be 125 m along the x-axis and 250 m along the y-axis, giving the number of
nodes and elements of 1699 and 3079, respectively. Nine vertical layers are imple-
mented in this simulation which are distributed uniformly in the vertical r-layers
from r ¼ �1 at the bottom to r ¼ 1 at the surface.
The grid was selected for the analysis of the conservation of mass for the sedi-

ment transport. The 3D hydrodynamic model applies one-day ramp function to
reach its designed hydrodynamic flows. To assess the conservation of mass for
cohesive sediment, the simulation is driven with constant velocity of 1.0 m/s of
normal inflow, and zero tide at the open boundary. Starting at the bottom slope of
the bar, velocity will increase causing the increase of the bottom stress. Erosion
Table 1

Length of saline wedge for various Vr and ho
Vr (m/s) h
o (m)
 Lw empirical (km)
 Lw numerical (km)
0.10 4
.0
 10.41
 8.14a
0.18 4
.0
 3.11
 3.13
0.18 5
.0
 5.93
 5.84
0.20 2
.0
 0.44
 0.47
0.20 4
.0
 2.46
 n/a
0.20 5
.0
 4.18
 n/a
a The wedge cannot penetrate further upstream due to the domain limit of 10 km river length.
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occurs when the bottom shear stress sb has exceeded the critical shear stress for
erosion scre.
Fig. 7 shows the along-basin vertical profile of the sediment transport results at

3D simulation for a cohesive sediment type. The profiles represent the mid-line of
the basin (i.e. y ¼ 2000 m). The erosion is arbitrarily stopped after 24 h, then it is
expected that the amount of depth-integrated suspended sediment plus deposited
sediment must be constant. The results are given in Fig. 7 at time t ¼ 28 h. Fig. 7b
describes the depth-integrated concentration (Ci) of suspended sediment in the
water column at each node. The concentration of suspended sediment in units of
gram per liter in Fig. 7a is depth-integrated and converted to volume given in units
of m2 (Fig. 7b), which represents the mass volume per width (m3/m). The corre-
sponding profile of erosion and deposition is given in Fig. 7c. Arrows indicate the
direction and magnitude of 3D flow components.
Assuming the distribution of transport is uniform across the basin, the simple

way to estimate the conservation of mass is to compute the area along the profile
with the expected relationship:

Erosion ðm2Þ ¼ Depth-integrated suspended sediment ðm2Þ
þDeposition ðm2Þ

Thus, from Fig. 7 middle and bottom, one would expect that Ci þDepo ¼ Ero,
but the results are not acceptable. The finite element method for solving the gov-
Fig. 6. The configuration of barred rectangular basin. (Upper) The grid consists of 1699 nodes and 3079

elements and the bathymetric depth varies from 1.0 to 19.0 m. Open ocean and normal flow boundaries

are specified on the left and right side, respectively. (Lower) The side view of the basin, 12 km long and

4 km wide.
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erning equations is usually conserved locally, but not globally. Small numerical

rounding errors might propagate from element to element and develop accountable

errors. Conversion of vertical reference from z- to r-level can introduce another

source of conservation errors as it was discussed in Mellor et al. (1998).
It is commonly known that cohesive sediment in a bed is very easily eroded and

suspended when sb exceeds scre, transported in a relatively long distance, and

deposited back to a bed at particular location whenever the sb is less than scrd. The
amount of suspended sediment is high and settles slowly due to slow settling velo-

city computed using Eq. 9. The existing very shallow bar of 1 m produces a

maximum horizontal velocity of about 0.95 m/s near the left tip of the bar where

the maximum erosion occurs. In Fig. 7a, after the erosion is arbitrarily forced to

stop at t ¼ 24 h, the cloud of cohesive suspended sediment travels offshore while

the particles tend to settle down. Thus the prevailing sediment concentration

should be high at near bottom decreasing upward to the surface. The error in

this simulation is less than 1% of the transported mass volume. The error of
Fig. 7. Profile of cohesive sediment transport taken at time t ¼ 28 h. (a) Contour plot of suspended sedi-

ment concentration with arrows representing the relative magnitude and direction of current velocity; (b)

Depth-integrated concentration along the profile in term of m2/m; and (c) the corresponding erosion (�)
and deposition (+) along the profile line.
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conservation of mass for cohesive sediment is usually less than 2%, especially in the
sloping bottom. The sources of the error are commonly due to accumulative
numerical accuracy either from hydrodynamic or transport modules.
5. Barotropic versus baroclinic modes

Coupling the baroclinic hydrodynamic circulation and sediment transport in the
stratified water is the main goal of this study. A comparison between barotropic
and baroclinic modes of sediment transport is performed to assess the importance
of the baroclinic term.
Fig. 8a describes a snapshot taken at t ¼ 48 h of the salinity contour of

barotropic transport mode for cohesive type sediment. The setup configuration of
the model is similar to the previous cases with the barred rectangular basin, but the
open boundary is driven with larger 0.5 m M2 tidal amplitude, and allowing the
erosion to occur continuously. The freshwater discharge from the normal flow
boundary on the right propagates towards offshore in nearly vertically uniform
8. Profile of cohesive sediment transport, barotropic mode, taken along the midline of the dom
Fig. ain

rectangular basin at time t ¼ 48 h. (a) Contour plot of salinity in psu units with arrows representing the

relative magnitude and direction of current velocity; (b) Contour plot of suspended sediment concen-

tration; and (c) the corresponding erosion (�) and deposition (+) along the profile line.
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transport, indicated by the uniform density (i.e. salinity) distribution. Conse-
quently, the eroded cohesive sediment along the top of the bar is also suspended
and transported nearly uniformly, but there is a relatively small settling velocity
taking place during the transport causing higher concentration near bottom
immediately after it is suspended (Fig. 8b). The vertical profile of horizontal velocity
has higher velocity in the mid to top column than at bottom. Thus, the upper layers
will travel faster than the bottom layers. Combining with the diffusion and vertical
advection taking place during the horizontal transport, the sediment distribution
is likely to become more uniform at the location far away from its origin. Here,
the critical stresses for erosion (sce) and deposition (scd) are 0.2 and 0.1 N/m2,
respectively.
As in previous case, the model applies one-day ramp function to reach its

designed hydrodynamic flows. The initial erosion occurred before the full ramp
function is achieved, and the site of deposition is at some distance offshore from
the erosion site due to the difference in the sce and scd. After the hydrodynamic
ramp function, the erosion site is shifted further offshore than previously. Since the
erosion and deposition processes occur almost continuously, as shown in Fig. 8c,
there is likely continuous erosion followed by immediate deposition onshore.
Another simulation was performed similar to the formerly discussed case with

similar setup and configuration, but with activating both the baroclinic and baro-
tropic terms, later the so-called baroclinic mode (Fig. 9). It creates a significantly
different mechanism of sediment transport for the cohesive type sediment. Due to
freshwater (S ¼ 3 psu) discharge from the normal flow boundary on the right side
of domain into the saline ocean water (S ¼ 35 psu), the presence of stratification is
clearly seen when the baroclinic term is activated (Fig. 9a).
The tip end of saline wedge is located in the x-axis between 6 and 6.5 km. At the

end tip of saline wedge, the near bottom horizontal velocity is small, but upward
vertical velocity increases causing the near bottom sediment to either settle down
or be lifted up. In the case of cohesive sediments, the concentration of suspended
sediment is small, thus the settling velocity is relatively smaller than its vertical lift
velocity. Once the sediment is suspended and lifted up, the path of transport will
be mainly driven by baroclinically hydrodynamic flow causing a cloud of sus-
pended sediment concentrated in the top layers (Fig. 9b). The suspended sediment
cloud will be either carried away outside the domain or deposited at some points
further away offshore.
The processes of erosion and deposition around the top of the bar are almost simi-

lar between baroclinic and barotropic modes; however, at points at x ¼ 5:8� 6:2 km
in Figs. 8c and 9c, it is clearly seen that less deposition occurs in the baroclinic mode
around the tip of saline wedge, some amount of suspended sediment is raised
up becoming a cloud of upper layer suspended sediment. The amount of erosion,
deposition and net sediment transport between those two modes are summarized in
Table 2.
Thus, in this case, the inclusion of the baroclinic mode allows 60% of eroded

materials to remain in suspension after 48 h, while the barotropic mode transports
only about 28% of eroded materials in the water column after 48 h.
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6. Idealized tidal inlet

An additional case was made to simulate the behavior of sediment transport

with baroclinic mode in an idealized tidal inlet with the domain shown in Fig. 10.

The ocean grid dimension is 24 km alongshore, and 24 km from the shoreline to

the ocean boundary. The inlet length and width are 1.5 and 1.125 km, respectively;
Table 2

Comparison of sediment transport between barotropic and baroclinic modes of sediment transport at

t ¼ 48 h
Erosion (m3/m) D
eposition (m3/m) (%

of erosion)

N

o

et transport (m3/m) (%

f erosion)
Baroclinic mode
 84.744 3
1.532 (37%) 5
3.212 (63%)
Barotropic mode
 82.325 5
8.867 (72%) 2
3.456 (28%)
Fig. 9. Profile of cohesive sediment transport, baroclinic mode, taken at time t ¼ 48 h. (a) Contour plot

of salinity in psu units with arrows representing the relative magnitude and direction of current velocity;

(b) Contour plot of suspended sediment concentration; and (c) the corresponding erosion (�) and depo-

sition (+) along the profile line.
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and bay dimensions are 5	 8 km, with uniform depth of 2 m. The ocean depth
was specified 2 m along the shoreline down to 20 m along the open boundary. The
triangular grid sizes were specified to be 75 m around the inlet, gradually increas-
ing toward the open boundary to the size of 1500 m. The final grid contains 2397
nodes with 4575 triangular elements.
The model is driven with semidiurnal M2 tide with 0.4 m tidal amplitude at the

open ocean boundary. The north and south border of the domain are defined as
the normal radial wave boundaries with no constraints applied along those two
boundaries. The coastlines to the north and to the south of the inlet, around the
inlet and the north and south of the bay are defined as the mainland boundaries.
Essential normal flow boundary conditions are applied along the east side of the
bay, with constant normal velocity Vn ¼ 0:1 m=s. The vertical is divided into 9 r-
layers that are uniformly distributed from bottom to surface as
r ¼ ½�1; �0:75; �0:5; �0:25; 0:0; 0:25; 0:5; 0:75; 1:0�.
The initial conditions of salinity, temperature and sediment concentration in the

ocean side are set to So ¼ 35 psu, To ¼ 19
v
C and Co ¼ 0:0 g=l, respectively; while

in the bay the initial condition for those parameters are So ¼ 3 psu, To ¼ 19
v
C

and Co ¼ 0:0 g=l. Along the normal flow boundary, the normal flux of salinity,
temperature and concentration are set as the essential scalar flux with Sn ¼ 3 psu,

Tn ¼ 19
v
C and Cn ¼ 0:0 g=l. The model performed a 10-day simulation with

hydrodynamic time step DT ¼ 4 s and transport time step DTtr ¼ 12 s. One day
hydrodynamic and three-day baroclinic ramp functions are applied to initiate the
simulation. The implementation of the baroclinic ramp function is intended to
smooth the initially sharp salinity gradient between fresh and saline waters. Thus,
in this case the fully baroclinic term is achieved after three-day simulation. The
Fig. 10. Bathymetry and triangular grid of an idealized tidal inlet. Point-1 (dash-circled) is the selected

point to assess the longshore sediment flux.
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salinity gradient between the surface and bottom layers will generate a density
pressure gradient, and balanced by the Coriolis force will develop a geostrophic
current northward if one assumes the northern hemisphere.
After 10-day simulation, the salinity front is well developed. Fig. 11 shows a

comparison of salinity distribution between near surface (r ¼ 0:75) and near bot-
tom (r ¼ �0:75) layers. Near surface salinity spreads much further offshore devel-
oping a tongue of low salinity propagating northward, with its center of low
salinity about 8 km offshore. The distribution of salinity further offshore is acceler-
ated by two factors: (1) momentum flux from the normal flow on the right bound-
ary, and (2) offshore acceleration of the baroclinic term in the upper layers due to
the presence of the salinity (i.e. density) gradient.
The near bottom layer salinity clearly exhibits different pattern of salinity distri-

bution. Due to the balance between upstream baroclinic forcing in the lower layers,
the salinity front in near bottom layer does not propagate far offshore, but just in
the outer tip of the inlet. The front oscillates back and forth along the inlet in
accordance with the tidal period. However, there is a northward propagation of
brackish water with salinity value from 19 to 33 psu that is caused by the presence
of northward-developed geostrophic transport along the shore. It is imminent that
the distribution of near bottom salinity becomes asymmetry from the inlet to the
offshore.
In the near surface layer, about 2 km offshore of the inlet, there is a small circu-

lar area having salinity higher than its surrounding area. This area represents the
convergence/divergence zone between freshwater fluxes and tidally oscillated saline
water where vertical mixing is intensively occurring in this area in coherence with
tidal oscillation. The high salinity in the indicated area is caused by the supply of
the saline water from the lower layer by an upwelling process. However, further
assessment is necessary whether this area does observable in any real bodies of
water.
The corresponding sediment transport nearly follows the pattern of the salinity

transport, except that the sediment experiences settlement as it is transported, and
it is deposited when the bottom shear stress is less than its critical shear for depo-
sition, scrd (see Fig. 12). The channeling effect of the normal inflow from the east-
end boundary into the bay and then through the inlet will significantly increase the
current velocity along the inlet. Consequently, the bottom shear stress increases
and the source of suspended sediment is initiated by the erosion occurring in the
inlet. The suspended sediment is then transported offshore and deflected northward
due to the effect of developed geostrophic transport discussed previously. The
maximum suspended concentration in the near surface layer is 0.5 g/l in the inlet
and decreases to 0.025 g/l at about 8 km offshore. Similar to the salinity, the distri-
bution of the near surface sediments also experience right-deflected propagation
due to the prevailing Coriolis force acting on the water mass.
The maximum concentration near the bottom layer is higher than the layers

above since settlement of suspended sediment drives the concentration to accumu-
late in the bottom layers. Sediments from the inlet are transported downstream,
and because of settlement they reach lower layer and are transported back to the
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11. (a) Near surface salinity; and (b) near bottom salinity; both are taken at t ¼ 10 d simulat
Fig. ion.

Contour lines indicate salinity values, and the scaled arrows represent the direction and magnitude of

the flow.
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. (a) Near surface concentration of suspended sediment; and (b) near bottom concentrati
Fig. 12 on of

suspended cohesive sediment; both are taken at t ¼ 10 d simulation. Contour lines indicate concen-

tration in g/l, and the scaled arrows represent the direction and magnitude of the flow.
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upstream by the residual flow in the lower layer to the convergence point, the so-

called ‘null point’. The highest near bottom sediment concentration is 1.94 g/l con-

centrated near the mouth of the inlet in the offshore direction. This site is related to

the place where null point occurs. However, the prevailing northward longshore

currents transports some residual sediments to the north.
Interpolation from irregular (Fig. 10) to regularly rectangular grid was per-

formed to generate a matrix for 3D view. The result for the suspended sediment

concentration is shown in Fig. 13 taken at t ¼ 10 day. It is clearly shown that the

high concentrations are mostly suspended around the mouth inlet seaward not far

away from the origin of erosion. As the sediment cloud deflected to propagate

northward, the concentration becomes less and less. Higher concentration is con-

tained in the lower layer.
It is expected that for longer simulation times, the longshore transport would

move this cloud of sediments much further northward; but this is beyond the scope

of discussion in this paper. For cohesive sediment, decreasing suspended sediment

concentration will reduce the settling velocity (Eq. (9)), thus the sediment will likely

remain suspended in the water column much longer. To investigate the prevailing
Fig. 13. Three-dimensional view of suspended sediment concentration (in mg/l) observed from azimuth

�20 v
N. The plot is taken at t ¼ 10-day simulation. Rectangular grids represent the surface of the

bathymetry.
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northward flow, one point, marked as ‘Point 1’ (dash-circled in Fig. 10) is selected

at near north radial boundary. The depth averaged of east–west (U) and north–

south (V) flow directions are shown in Fig. 14a and b, respectively. Detided time

series provides nearly zero eastward flow and 0.07 m/s northward flow after 10-

day simulation. The nearly zero flow in the eastward flow may indicate that there

is only a small cross-shore transport as the material was injected through the inlet;

on the other hand, the presence of net northward flow may lead a significant long-

shore transport of suspended sediment. The depth averaged northward flow increa-

ses as the salinity difference between near shore and offshore location becomes

more prominent. Such a difference causes the baroclinic acceleration to be

enhanced.
The corresponding time series of the depth-integrated concentration in units of

kg/m2 is given in Fig. 14c, where the concentration at point 1 tends to increase as

the supply of suspended sediments from the inlet are transported alongshore from

the south. The concentration here is the residual sediment transport that has not

yet deposited and remains as a suspended sediment. The net of depth-integrated
14. (Top–bottom) Time series of depth-averaged velocity U and V, depth-integrated suspended c
Fig. on-

centration, Ci , and depth-integrated sediment flux at point 1 indicated in Fig. 10. The thin lines rep-

resent the observational values obtained from the model, and bold lines are detided values (24-h low

passed) of each constituent.
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sediment flux shown in Fig. 14d is computed by multiplying the depth-integrated

concentration with its prevailing northward flow. The unit of the sediment flux is

kg/s/mwidth. In this study case, it is demonstrated that due to existing erosion

around the inlet may provide a net longshore sediment transport of 0.018 kg/m/s.
The maximum seaward velocity passing the inlet occurs near the ocean side end

of both left and right edges of the inlet (Fig. 15). The maximum erosion at those

sites is more than 0.08 m for the period of 10 days. The erosion is fairly uniform in

the middle of the inlet of about 0.06 m decreasing towards east and west sides of

the inlet.
The deposition pattern is asymmetrical between the ocean and bay sides, with

more significant deposition occurring at the ocean side. The main deposition of

suspended sediment is mainly concentrated just offshore of the inlet mouth indi-

cated by a dark shade in Fig. 15, with its maximum deposition of about 0.04 m

accumulated for a 10-day simulation, or about 1.4 m/year. This area represents the

null-point zone between the out flow jets from the inlet and inward saline wedge

due to the presence of the baroclinic flow. The saline wedge does not penetrate the

inlet due to strong inlet out flow. Thus, the existing null point may trap the near

bottom sediment to settle and deposit at the bottom, meanwhile the upper layer
Fig. 15. The erosion (�) and deposition (+) after 10-day around the inlet.
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concentration tends to be transported further, deflected to the right, and carried
away by the prevailing longshore geostrophic flow previously discussed.
7. Summary and conclusion

A numerical model for simulation of hydrodynamic circulation and sediment
transport is described in this study. The model includes baroclinic forces to incor-
porate density changes found near the coast. The model has been applied to several
test cases to demonstrate its applicability to practical problems and to demonstrate
its robustness.
Comparison of the arrested saline wedge from the numerical model to the

empirical formulation gives a good agreement. The computational saline wedge
using the Partheniades empirical formulation is very sensitive to the change of both
river flow and depth. Thus, very accurate assessment of the model results is
required to demonstrate that penetration of saline wedge agrees with empirical
data. The method of finding the length of arrested saline wedge is efficiently
demonstrated here by finding the null point at near bottom velocity profile.
The inclusion of the baroclinic term in the model for the stratified estuary con-

tributes to wider distribution pattern of suspended sediment, mainly for cohesive
type sediments. To reach the stability condition for large horizontal salinity gradi-
ent (i.e. large density gradient) between fresh and saline water, the baroclinic ramp
function is required to smooth the baroclinic acceleration term. A high horizontal
diffusion coefficient, Dh, up to 20 m2/s might also be required; however, in most
cases of stratified waters the Dh value less than 10 m2/s should be sufficient.
The conservation of mass is well established in the model with accuracy up to

2% error of the conserved mass. The simulations show that a flat bottom provides
better conservation of mass than a sloping bottom. The effect of slope may lend a
source of the error, and it needs to be investigated further. However, the model is
mostly applicable for estuarine zone with fairly gentle slopes. Therefore, the error
discussed is considered to be acceptable to model the sediment transport in the
near shore or estuarine zone.
The transport model is able to describe a realistic cohesive sediment transport

with the influence of the baroclinic term. The study case for an idealized tidal inlet
exhibits reasonable mechanism of erosion, suspended sediment and deposition. As
expected, the location of the deposition occurs mostly around the null-point
location. The pattern of deposition clearly shows development of an ebb shoal.
Longer run-time simulation might be required to investigate the ebb shoal develop-
ment around the offshore side of the tidal inlet.
Salinity difference between ocean water and freshwater discharge from the inlet

clearly generates very strong density gradients that also generate the geostrophic
flows. After removing the tidal effect, the model has been able to demonstrate the
presence of the longshore sediment transport associated with the existing geos-
trophic flow. This may lead to future application to study of the freshwater and
suspended sediment discharges of Mississippi River to the Gulf of Mexico where a
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significant amount of suspended sediments are transported alongshore towards the
Texas coast. Future development includes a benchmarking of the model against the
laboratory and observational results.
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